1. Introduction {#sec1}
===============

Type 2 diabetes (T2D) is characterized by hyperglycemia and dyslipidemia resulting from a combination of insulin resistance in the skeletal muscle, liver, and adipose tissues, and impaired insulin secretion from the pancreatic islets, which is putatively due to impaired immune response \[[@B1]\]. Patients with T2D exhibit increased susceptibility to infection, impaired wound healing, and other inflammatory or degenerative manifestations \[[@B2]\]. It is the macrophage system dysfunction that leads to the major alterations among these innate immune abnormalities \[[@B3], [@B4]\]. Macrophage system including circulating monocytes, tissue macrophages, and dendritic cells is characterized by a high level of plasticity and widespread tissue distribution. It was observed that phagocytes in type 2 diabetic patients were in a heightened state of oxidative stress accompanied by impaired bactericidal activity and chemotaxis \[[@B5]--[@B7]\]. Furthermore, the receptor functions, levels of cytokines expression, and release of the macrophages derived from the peripheral blood of T2D patients all changed dramatically \[[@B8]--[@B10]\].

Monocytes derived from bone marrow remain in the blood circulation system for 1-2 days before they migrate into the peripheral tissues, where they differentiate into fully mature resident macrophages. In innate immunity, resident macrophages provide immediate defense against foreign pathogens and assist leukocyte infiltration \[[@B11]\]. Resident macrophage population is composed of various cells, including macrophages in the peritoneal cavity, which is thought fully developed and adaptable to their local microenvironment with a wide diversity in terms of their function and phenotype \[[@B12], [@B13]\]. The evidence that macrophages could display different activation states with distinct properties provided us with clues to understand diverse functions of macrophages \[[@B14]\]. Two polarized states in activated macrophages have been defined, the pro-inflammatory, classically activated state M1 induced by type I cytokines (e.g., TNF) or bacterial products (e.g., LPS) and the anti-inflammatory, alternatively activated phenotype M2 induced by IL-4, IL-10, or glucocorticoid hormones \[[@B15], [@B16]\]. These different phenotypes of macrophages were expressed in such a manner that macrophages display a balanced, integrated pattern of functions \[[@B14], [@B17]\].

Most of the current understanding of macrophage biology came from analyses of cells drawn from the mouse peritoneal cavity, which became widely used as a macrophage source as early as the 1960s \[[@B18]\]. A recent study reported marked difference between resident and induced macrophages, such as the efficacy of killing pathogenic microorganisms and antigen presentation \[[@B19]\]. Furthermore, studies about alteration of macrophage characteristics in diabetes were performed in streptozotocin- (STZ-) induced type 1 diabetic mouse model, which was accompanied by immunological dysfunction \[[@B20]\]. It is hard to determine whether the dysfunctions of macrophages in these diabetes hosts were solely caused by diabetes itself or just by the host immunological dysfunction. To the best of our knowledge, little is known about the polarized states of RPMs.

To provide evidence showing the effects of DM with long duration on cell numbers, morphology, and innate immunity functions of macrophages in vivo, we used resident peritoneal macrophages (RPMs) from 5-month-old db/db mice obtained by abdominal cavity lavage to study the changes. The result may help us to understand the susceptibility of diabetic patients to infectious diseases and other complications in the late stage of diabetes.

2. Materials and Methods {#sec2}
========================

2.1. Reagents {#sec2.1}
-------------

Ethylenediaminetetraacetic acid (EDTA), N-formyl-L-methionyl-L-leucyl-L-phenylalanine (FMLP), paraformaldehyde, modified Wright-Giemsa stain solution, and fluorescent red, carboxylate-modified polystyrenelatex beads were purchased from Sigma-Aldrich (St. Louis, MO, USA). RPMI-1640, fetal bovine serum (FBS), penicillin/streptomycin, and phosphate buffered saline (PBS) were obtained from Gibco BRL (Grant Island, NY, USA). Bovine serum albumin (BSA) was ordered in BD Pharmingen (San Diego, CA, USA). Beyotime Institute of Biotechnology provided crystal violet staining solution (Shanghai, China).

2.2. Animals {#sec2.2}
------------

Eight-to-twelve-week-old male db/db (C57BL/6J-Lepr^db^/Lepr^db^) mice and littermate controls (C57BL/6J background) were fed chow (LabDiet 5001) and bought from the Model Animal Research Center of Nanjing University (Nanjing, China). All mice were kept in a specific pathogen-free facility and given free access to food and water. The experiment was performed strictly in accordance with the institutional guidelines for the care and use of laboratory animals of Shanghai Jiao Tong University.

2.3. Isolation and Culture of Mouse RPMs {#sec2.3}
----------------------------------------

Mouse RPMs were obtained by the modified method of Cohn and Benson \[[@B21]\]. Approximately 6 mL cold serum-free RPMI-1640 medium was injected intraperitoneally after mice were killed under ether anesthesia. After a gentle massage, peritoneal fluid containing cells was harvested and centrifuged at 700 g for 5 min at 4°C. The pellet was resuspended with 5 mL of RPMI-1640 containing 10% FCS, 100 units/mL penicillin, and 100 *μ*g/mL streptomycin and cultured at 37°C in a 35 mm dish (Corning, NY, USA) for one hour, and only attached macrophages were used for the following experiments. Adherent cells were collected with 5 mm EDTA (Sigma-Aldrich) in ice-cold PBS (Gibco BRL). The cell viability was more than 90%, and more than 90% of adherent cells were F4/80^+^ macrophages, as reported previously \[[@B22], [@B23]\].

2.4. Morphology Observation {#sec2.4}
---------------------------

RPMs from db/db or control mice (1 × 10^5^) were cultured in 24-well plates containing 12 mm sterilized glass slides per well for 2 h. For microscopic studies, the adherent cells were stained by modified Wright-Giemsa stain (Sigma-Aldrich) according to manufacturer\'s protocol. The glass slides were rinsed briefly in running deionized water (PH7.2) and dried in air thoroughly before capturing images by a microscope (Olympus BX51, Olympus Optical, Tokyo, Japan).

2.5. Immunofluorescence Staining and Laser Confocal Scanning Microscopy {#sec2.5}
-----------------------------------------------------------------------

RPMs from db/db or C57BL/6J mice were collected then cultured on 24-well plates containing 12 mm glass slides at a concentration of 2 × 10^5^ macrophages per well for 2 h. The adherent macrophages were fixed in 4% paraformaldehyde (Sigma-Aldrich) for 20 min then incubated in PBS with 0.5% BSA at 4°C for 30 min in order to avoid nonspecific binding to FcR. Primary antibodies against F4/80 (EMR1: R&D Systems, USA) and Cy3-labeled second antibodies (Beyotime Institute of Biotechnology, Shanghai, China) were sequentially incubated with macrophages for overnight at 4°C and 2 h at room temperature, respectively. After DAPI (Invitrogen, San Diego, CA, USA) staining, cells were analyzed under laser confocal scanning microscopy (LSM510, Zeiss, Germany).

2.6. Immunofluorescence Staining and Flow Cytometry {#sec2.6}
---------------------------------------------------

At least 5 × 10^5^ RPMs were incubated with 2.4 G2 (BD Biosciences) for 10 min at room temperature then with primary antibodies or the matching control isotypes for 30 min at 4°C. Thereafter, the cells were rinsed twice and resuspended in Pharmingen stain buffer (BD Biosciences) for assay by FACScalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ). The data were analyzed with Cell Quest software (Becton Dickinson, Mountain, CA, USA). For three-color staining, RPMs were stained with phycoerythrin-Cy5 (PE-Cy5-) labeled anti-F4/80 monoclonal antibodies (mAbs) (eBiosciences, San Diego, CA, USA), phycoerythrin (PE-) labeled anti-CD40 (eBiosciences) mAbs, or fluorescein isothiocyanate (FITC-) labeled anti-CD206 mAbs (BioLegend, San Diego, CA, USA) for 30 min at 4°C. M1 and M2 macrophages were identified as F4/80^+^/CD40^+^/CD206^−^ and F4/80^+^/CD40^−^/CD206^+^ cells, respectively.

2.7. Phagocytosis Assay {#sec2.7}
-----------------------

RPMs (4 × 10^5^) were seeded in a 6-well plate then incubated with fluorescent red, carboxylate-modified polystyrenelatex beads (8 × 10^6^ beads) for 2 h at 37°C, while the control were incubated at 4°C. The cells were washed with PBS before harvest and then resuspended in PBS containing 5% BSA. The phagocytic activity of RPMs was determined by measuring phagocytic rate and mean fluorescence intensity (MFI) with FACScalibur flow cytometer (Becton and Dickinson).

2.8. Adherence Assay {#sec2.8}
--------------------

The adherence capacity of RPMs was evaluated by the adherence index (AI), capacity of adherent to plastic surfaces \[[@B24]\]. Briefly, 500 *μ*L RPMI-1640 complete medium containing 7.5 × 10^5^ RPMs was placed in each Eppendorf tube, incubated at 37°C with 5% CO~2~ in a shaking bath for 10, 30, or 60 min, respectively. AI was calculated according to the equation: AI = 100 − (number of macrophages (mL  supernatant)^−1^/number of macrophages (mL  original  sample)^−1^)100.

2.9. Chemotaxis Assay {#sec2.9}
---------------------

Chemotaxis experiment was carried out in 6.5 mm polycarbonate membrane inserts (Costar, Cambridge, MA, USA) with a 5 *μ*m pore size. Briefly, 100 *μ*L RPMs suspension (1.3 × 10^5^/well) was deposited in the insert and 600 *μ*L RPMI-1640 containing FMLP (Sigma-Aldrich) (0.1 mmol) was added into the lower compartment to induce chemotaxis for 2 h \[[@B25]\]. After the nonmigrated cells were removed from the polycarbonate membrane upper side, the migrated cells which were on the lower side were fixed and stained by crystal violet staining solution (Beyotime Institute of Biotechnology). The chemotactic index (CI) is presented as the total number of migrated cells of 16 random selected microscopic fields (at ×400 magnification).

2.10. Statistical Analysis {#sec2.10}
--------------------------

Data were expressed as means ± standard deviation (SD). Student\'s unpaired *t*-test for comparison of means was used to compare means of each group. Differences were considered statistically significant at *P* \< 0.05.

3. Results {#sec3}
==========

3.1. Significantly Decreased Cell Numbers and Altered Cellular Morphology of F4/80^+^ RPMs in 5-Month-Old db/db Mice {#sec3.1}
--------------------------------------------------------------------------------------------------------------------

To determine the long effect of T2D on cell numbers and cellular morphology of RPMs in db/db mice, we identified resident macrophages by detecting the surface antigens F4/80 firstly. The purity of mouse F4/80^+^ RPMs was routinely determined by FCM before each assay, which was more than 90% ([Figure 1(a)](#fig1){ref-type="fig"}). As shown in [Figure 1(b)](#fig1){ref-type="fig"}, the total cell numbers of F4/80^+^ RPMs in each db/db mouse were far greater than that of control (*P* \< 0.01, *n* = 6). However, after the data were standardized with body weight, the result of RPM numbers reversed ([Figure 1(c)](#fig1){ref-type="fig"}). The morphology of RPMs was determined by Wright-Giemsa stain and a two-photon laser scanning. As shown in Figures [1(e)](#fig1){ref-type="fig"} and [1(g)](#fig1){ref-type="fig"}, freshly isolated F4/80^+^ RPMs from db/db mice were nearly round shape, while that from control mice displayed spindle-shaped or irregular morphology (Figures [1(d)](#fig1){ref-type="fig"} and [1(f)](#fig1){ref-type="fig"}). Thus, a significant alteration of cell numbers and morphology of F4/80^+^ RPMs occurred in the mice with a long duration of DM.

3.2. Nonspecific Phagocytosis Deficiency of F4/80^+^ RPMs from 5-Month-Old db/db Mice {#sec3.2}
-------------------------------------------------------------------------------------

Phagocytosis represents an early and crucial event in triggering host defenses against invading pathogens. The nonspecific phagocytic capacity of F4/80^+^ RPMs against fluorescence-modified polystyrenelatex beads was assessed by using FCM and shown in [Figure 2](#fig2){ref-type="fig"}. As compared with mice in the control group ([Figure 2(b)](#fig2){ref-type="fig"}), cell-related fluorescence intensity corresponding to the peak of the histograms moved to the left in db/db mice, which indicated that fewer fluorescent beads were ingested by macrophages ([Figure 2(d)](#fig2){ref-type="fig"}). Both the phagocytic rate ([Figure 2(e)](#fig2){ref-type="fig"}, *P* \< 0.001, *n* = 4) and MFI of RPMs from db/db mice were much lower than those of control group ([Figure 2(f)](#fig2){ref-type="fig"}, *P* \< 0.001, *n* = 4).

3.3. Impaired Adhesion Vitality and Chemotaxis Capacity of F4/80^+^ RPMs in 5-Month-Old db/db Mice {#sec3.3}
--------------------------------------------------------------------------------------------------

To further determine other functional changes like adhesion and chemotaxis in macrophage from mice with a long duration of diabetes, we investigated the chemotaxis and adhering capacity of RPMs. It was showed in Figures [3(b)](#fig3){ref-type="fig"} and [3(d)](#fig3){ref-type="fig"} that RPMs from control or db/db mice migrated to the lower side of the filter after exposure to 0.1 mmol FMLP for 2 h by crystal violet staining. The values of CI of RPMs in diabetic mice were lower than those of control without significant difference ([Figure 3(e)](#fig3){ref-type="fig"}, *P* \> 0.05, *n* = 4). The adhering capacity of RPMs was assayed at selected time points (10 min, 30 min, and 60 min), respectively, after macrophages were placed in each eppendorf tube for a shaking bath as described in [Section 2](#sec2){ref-type="sec"}. As shown in [Figure 3(f)](#fig3){ref-type="fig"}, the values of AI of RPMs from db/db mice were all significantly lower than those of the controls (*P*\< 0.01, *n* = 4).

3.4. Phenotype Changes of F4/80^+^ RPMs in 5-Month-Old db/db Mice {#sec3.4}
-----------------------------------------------------------------

The expression of CD40 on macrophages after activation is critically related to the efficient promotion of adaptive immunity by macrophages. CD206 expression is an important marker for IL-4-induced M2 macrophages \[[@B26]\]. Thus, we detected CD40 and CD206 expressions on RPMs from db/db or control mice by FCM to study the polarized state as described in [Section 2](#sec2){ref-type="sec"}. As shown in [Figure 4(c)](#fig4){ref-type="fig"}, the percentage of M2 (F4/80^+^/CD40^−^/CD206^+^) macrophages (*P* \< 0.01, *n* = 4) of RPMs in db/db mice was significantly higher than that of control mice, and the percentage of M1 (F4/80^+^/CD40^+^/CD206^−^) macrophages of RPMs in db/db mice reduced accordingly.

4. Discussion {#sec4}
=============

In the present study, we explored the pathogenesis of diabetes mellitus (DM) with the classical type 2 diabetic mouse model. It was demonstrated in our study that long duration of T2D significantly altered cell numbers, morphology, phenotypes, and functions of resident peritoneal macrophages.

The severe complications of diabetes including impaired wound healing and accelerated atherosclerosis may increase patient\'s susceptibility to infection and make the infected tissue difficult to be repaired \[[@B27]\]. It was well accepted that the dysfunction of the macrophage system may contribute to these complications. Macrophages play important roles in innate immunity, which help host to defense microbial invaders through producing various cytokines and phagocytosis.

In our study, it was found that the cell numbers of F4/80^+^ RPMs in each 5-month-old db/db mouse increased obviously, which was contradicted with a previous study performed in STZ-induced type 1 diabetic (T1D) mice without standardization of mouse\'s body weight. Ma et al. presumed that the reduction of F4/80^+^ RPMs in T1D mice was probably related with shortened life span of macrophages and/or the blocking differentiation of macrophages from monocytes or bone marrow cells (BMCs) \[[@B20]\]. Another preliminary study in vitro also showed that only a low level of macrophages was generated in NOD BMCs after being stimulated with GM-CSF \[[@B28]\]. Interestingly, when the number of F4/80^+^ RPMs with mouse\'s body weight was standardized, the result was reversed. As db/db mice are larger while STZ-induced T1D mice are much smaller than control, the number of F4/80^+^ RPMs from each mouse may be positively correlated with animal body weight. Nevertheless, as it is well accepted that diabetes and obesity lead to a chronic low-grade inflammation, diabetes-associated inflammation is correlated with elevated macrophage cell numbers. Previous report about the percentage of bone marrow-derived cells expressing the macrophage marker F4/80 (F4/80^+^) in perigonadal, perirenal, mesenteric, and subcutaneous adipose tissue by immunohistochemical analysis revealed that it was significantly and positively correlated with both adipocyte size and body mass \[[@B29]\]. However, the specific mechanism of different macrophage distribution between adipose tissue and abdominal cavity is still unclear. In the present study, we demonstrated for the first time that the number of RPMs from each mouse was positively correlated with animal body weight.

Furthermore, we were the first to find that the RPMs from db/db mice were nearly round in shape as compared with those of control mice with spindle-shaped or irregular morphology. It is not surprising that macrophage heterogeneity presents in different organs or tissues, as well as even in a single organ \[[@B30]\]. Recent studies showed that macrophage phenotypic and functional heterogeneity might be related to a wide diversity of factors, including different precursor cells, different differentiation stages, different microenvironments, or even different stimulatory factors \[[@B31]\]. The response of F4/80^+^ peritoneal macrophages from STZ-induced diabetic mouse at 4 months and control mouse to IFN-*γ* and LPS was also different, which demonstrated that macrophages from diabetic mice produced much less TNF-*α* and IL-6 than those of control mice through AKT-mTOR and ERK pathways \[[@B32]\]. Hence, this morphologic heterogeneity in RPMs between db/db and control mice may hint at the discrepancy of cell physiological functions; the potential mechanism might be related with the alteration of microenvironments, levels of blood glucose, dyslipidemia, and advanced glycation end products.

Macrophages can engulf foreign pathogens, microorganisms and dead cells, which are essential steps of cellular immunity and a part of innate immunity. It was found that phagocytic capacity of F4/80^+^ RPMs from 5-month-old diabetic mice was lower than that of control with method of detecting the amount of phagocytosis fluorescence-modified polystyrenelatex beads by FCM. The decreased nonspecific phagocytosis ability of macrophages in diabetic hosts was consistent with several reports about the diabetic host with increased susceptibility to microorganism infection \[[@B33], [@B34]\]. Furthermore, remarkably impaired adhesion ability of RPMs was also observed in db/db mice. Attenuated adhesion ability in RPMs from db/db mice may also be responsible for the dysfunction immunity though this test could not completely mimic the process of macrophages adhesion to endothelial cells in vivo as a first step in the inflammation reaction. However, the mechanismsof macrophages from diabetic hosts with inhibited adhesion capacity need further study. Lastly, the chemotaxis vitality of RPMs from db/db mice was also found to be impaired although no significant difference between the two groups was identified. Because the strong relationship between the adipose tissue macrophage content and indicators of adiposity in diabetic mouse provides a mechanism for the increased adipose tissue production of proinflammatory molecules and acute phase proteins, such as TNF-*α*, IL-6, and MCP-1 \[[@B35]\]. And increased adipocyte volume and number in diabetic mice are also positively correlated with leptin production, while negatively correlated with production of adiponectin \[[@B36], [@B37]\]. As it is well accepted that huge array of environmental factors (including cytokines, chemokines, pattern recognition receptors, and hormones) differentially regulates macrophage response \[[@B38]\], in our study the decreased nonspecific phagocytosis, adhesion, and chemotaxis ability of RPMs in diabetic hosts may be related to the abnormal microenvironment in db/db mouse. On the other hand, these findings support the possibility that interrupted wound healing, and complications associated with inflammatory in DM patients, at least in part, is due to the dysfunction of macrophages in phagocytosis, adhesion, and chemotaxis.

During enhanced recruitment in response to disease states, inflammatory monocytes are recruited in response to cytokine cues and undergo differentiation into two broad but distinct subsets of macrophages that are categorized as either classically activated (M1) or alternatively activated (M2). The expression of costimulatory molecules such as CD80, CD86, CD40, and CD54 on macrophages after activation is critically related to the efficient promotion of adaptive immunity by macrophages \[[@B39]\]. CD206 expression is a specific marker for IL-4-induced M2 macrophages, which was used by C. Sun as the M2 marker in a flow cytometry analysis \[[@B32]\]. Hence, we selected the markers CD40 and CD206 as M1 and M2 macrophages, respectively, for our study. Our result showed the proportion of anti-inflammatory M2-type RPMs was doubled in db/db group compared with the control group. This result was similar with another study in vitro, which showed that markers on peritoneal macrophages isolated from STZ-induced diabetes mice at 4 months after activation were significantly lower compared to control mice as determined by the percentage of positive cells and MFI of CD86 and CD54 expression; whereas arginase activity, another important marker for alternatively activated macrophages, was significantly higher in peritoneal macrophages isolated from STZ-induced diabetes mice than those of control mice when stimulated with IL-4 \[[@B32]\].

Macrophages not only get involved in the etiology of DM and its chronic complications but also defense pathogens, and their proper activated state determines the result of the host response to pathogen aggression. The M1 program of macrophages is usually associated with protection during acute infectious diseases and thought to damage neighboring tissues; M2 macrophages having immunosuppressive and tissue-repairing functions play critical roles in the resolution of harmful inflammation by producing anti-inflammatory mediators \[[@B40], [@B41]\]. Therefore, an increased proportion of M2 RPMs in the db/db mice may be related with the chronic low-grade inflammation in abdominal cavity. However, db/db mouse is a genetically deficient mouse, and IL-4 signaling in db/db macrophages was alleviated compared with db/^+^ or macrophages from control mice, which indicated that the impaired IL-4 pathway in macrophages from the db/db mouse model of T2D may induce a state of IL-4 resistance and finally disrupt IL-4-dependent M2 phenotype macrophage yield \[[@B42]\]. This seemingly contradictory result needs further study to explain.

In summary, our study clearly showed that an increased percentage of M2 type RPMs accompanied with remarkable innate immunity dysfunction occurred in type 2 diabetic mice in vivo with a long duration. This study may help us to understand the susceptibility of diabetic patients to infectious diseases and other complications in the patients of diabetes. However, further investigation is needed to clarify the mechanisms involved and possible methods to ameliorate this alteration.
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![Cell numbers and morphology changes of F4/80^+^ RPMs in 5-month db/db mice. Purity of F4/80^+^ RPMs was determined by FCM (a). The number of F4/80^+^ RPMs was calculated by multiplying the total number of trypan blue negative cells by the ratio of F4/80 positive cells. The average number of RPMs of six db/db or control mice was caculated (b), and the mean value of standardized RPM numbers with body weight from six db/db or control mice was taken (c). Morphology of RPMs was assayed by Wright-Giemsa staining or double-immunofluorescence staining and laser confocal scanning microscopy. RPMs from control mice (d) and diabetic mice (e) were stained by Wright-Giemsa; (f) and (g) were F4/80^+^ RPMs from control or diabetic mice, respectively, assayed by double-immunofluorescence staining and laser confocal scanning microscopy. Scale bars represent 50 *μ*m. \*\**P* \< 0.01 between the indicated groups.](JBB2012-867023.001){#fig1}

![Decreased phagocytosis of polystyrenelatex beads by F4/80^+^ RPMs in 5-month diabetic mice. One representative experiment of 4 detected by FCM showing RPMs from normal mice (b) and db/db mice (d) after incubated with fluorescence-modified polystyrenelatex beads for 2 h at 37°C, wheals the control from normal mice (a) and db/db mice (c) were incubated at 4°C. The average phagocytic rate (e) and MIF (f) of four independent experiments were quantified. \*\*\**P* \< 0.001 between the indicated groups.](JBB2012-867023.002){#fig2}

![Impaired chemotaxis and adhesion capacity of RPMs from 5-month db/db mice. FMLP induced migration of RPMs from normal mice (b) and db/db mice (d) was stained by Crystal Violet; while (a) and (c) were RPMs from normal and db/db mice, respectively, with no chemokine by crystal violet staining. The average CI (e) and AI (f) of RPMs of four independent experiments was quantified. Scale bars represent 50 *μ*m. \*\**P* \< 0.01 versus the control group.](JBB2012-867023.003){#fig3}

![Increased percentage of M2 macrophages in RPMs from db/db mice. One representative example of four independent experiments with identical results is shown. (a) and (b) were RPMs from normal and db/db mice, respectively. And the average percentages of M1 and M2 macrophages were quantified (c). \*\**P* \< 0.01 versus control group.](JBB2012-867023.004){#fig4}
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